Introduction
With the introduction of a new conceptual model for forestry aiming at more naturalness in stand management (i.e. ' close-to-nature silviculture ' or ' continuous-cover silviculture ' ) around 1985 in Germany, it became more important to enlarge our knowledge of forest community dynamics and its practical application in silviculture. In forest regeneration, competition for light and interspecifi c variation in shade tolerance turned into key factors and required much more attention in practical silviculture.
Knowledge of interspecifi c variation of shade tolerance is particularly needed in treating mixedspecies regenerations growing underneath a shelterwood, a situation now often encountered in the practise of continuous-cover forestry. For production purposes and for enhancement of the resilience of the forests in view of predicted climate change, mixed-species stands are regarded as essential in Germany. 
Summary
We compared shade tolerance of maple, ash and beech in the sapling stage from two sites with rich soils differing in water supply, growing in dense thickets underneath a beech shelterwood of varying canopy densities. Shade tolerance was described by two components: mortality in shade and height growth in high light. At low light, beech showed the least mortality, maple the highest and ash in between on both sites. The decline with increasing light was steepest in beech and more gradual with ash and maple. At ~ 15 per cent above canopy light, all three species approached zero mortality. Beech as the most shade-tolerant species had the highest survival rate under low light and the least length growth rate under high light (>17 per cent). Ash had a lower survival rate at low light than beech and a highest growth rate at high light. Maple showed a bit weaker trade-off with the lowest survival rate but a growth rate inferior to ash. On the better water-supplied site, height growth was signifi cantly superior in all three species only under high light. On the basis of these results, silvicultural conclusions are drawn with respect to appropriate light levels and cutting types. characteristics combined in one stand can extend stand stability by distributing the risks of climate change ( Petercord, 1999 ; Lüpke, 2004 ) .
As an object for our investigation, we chose a mixed-species thicket of maple ( Acer pseudoplatanus ), ash ( Fraxinus excelsior ) and beech ( Fagus sylvatica ) from natural regeneration, growing underneath a beech shelterwood of heterogeneous canopy densities. This type of mixture is widespread and important on rich sites in Germany. The silvicultural aim is to have ~ 40 -60 per cent beech and 60 -40 per cent ash, maple and other valuable hardwood species in adult stands. To reach this goal, the admixed maple, ash and other species need a suffi cient lead in juvenile height growth enabling them to hold ground on the long run against the increasingly competitive beech. In the past, this was achieved by uniform shelterwood, which was removed in short time (10 -15 years). However, this treatment put beech at a disadvantage due to heavy competition of the overtopping ashes and maples during the early development phases. As a result, the proportion of beech often decreased too much, endangering its maintenance as a species of prime importance on these sites.
On the other hand, the shift to continuouscover silviculture favoured beech to a great extent, but put the admixed species at a disadvantage. To solve this problem, an appropriate control of the canopy density of the shelterwood is needed, in order to provide enough light for the more lightdemanding mixed species, without increasing the risk of beech mortality too much. It is a common silvicultural knowledge that such appropriate canopy treatment consists of an irregular shelterwood creating heterogeneous light conditions in space and time. However, as the following overview will show, scientifi c studies and quantitative data regarding the necessary light intensity to reach the desired effects on growth and competitiveness of the different species are scarce. Thus, there is considerable uncertainty among foresters how to treat the stands properly in order to reach the above-mentioned goals.
Shade tolerance is an often used term, which is nevertheless diffi cult to defi ne and to quantify. In our investigation, we followed the proposal of Kobe et al. (1995) and defi ned shade tolerance by two components: mortality in shade and height growth in high light. The underlying assumption classifi es a species with low mortality in shade and low height growth in high light as shade tolerant. Kobe et al . found this applicable for many species in the sapling stage in the north-east of North America. In this context, several studies have assessed the fi rst component by predicting mortality as a function of growth ( Kobe, 1996 ; Kobe and Coates, 1997 ; Lin et al. , 2001 ; Wyckoff and Clark, 2002 ; Gratzer et al. , 2004 ; Kneeshaw et al. , 2006 ) , followed by treating growth as a function of light availability. In a fi nal step, both functions have been combined, leading to mortality as a function of light availability ( Kobe et al. , 1995 ; Lin et al. , 2002 ; Kunstler et al. , 2005 ) .
While beech is known as a very shade-tolerant and heavy shade-casting species, ash and maple are regarded as intermediate shade-tolerant species ( Jones, 1945 ; Miegroet, 1956 ; Wardle, 1959 ; Okali, 1966 ; Röhrig, 1967 ; Lüpke, 1989 ; Emborg, 1998 ; Horn, 2002 ) . However, until now only few studies focus on quantitative description of growth -light relationships of these species. They show for beech seedlings and saplings that height growth generally reaches an asymptotic plateau value already at fairly low-light intensities of 18 per cent above canopy light for seedlings ( Burschel and Schmaltz, 1965 ) or 25 -40 per cent for saplings ( Wagner, 1999 ; Lüpke and HauskellerBullerjahn, 2004 ; Kunstler et al. , 2005 ; Stancioiu and O'Hara, 2006 ) . Reports on mortality -light relationships are scarce. Kunstler et al. (2005) observed a yearly mortality rate of 25 per cent at 1 per cent light with a steep decrease with increasing irradiance reaching 0 per cent at 10 per cent light. Lüpke and Hauskeller-Bullerjahn (2004) monitored for 6 years mortality rates of planted beeches of 10 per cent per year on average at 5 per cent light, going down to 3 per cent at 25 per cent light.
Much less quantitative information is available for ash and almost none for maple. Wagner (1999 , for ash) and Bonosi (2006 , for ash and maple) describe a steadily increasing height growth with increasing light. Röhrig (1967) observed the same pattern with height and radial growth of maple. There are no reports on mortality -light relationships for these two species.
Although all studies contain valuable information, more quantitative information is still needed as a basis for silvicultural decisions particularly in the thicket stage. For this reason, we started an investigation with the following objectives: We wanted to compare the quantitative response of beech, maple and ash to light in the thicket stage with regard to (1) mortality and growth (i.e. shade tolerance), (2) infl uence of soil moisture availability on these relationships by comparing two sites and (3) recommendations how to control light quantitatively in comparable stands to reach the silvicultural goals.
Materials and methods

Study sites
In the absence of experimental stands, we had to fi nd study stands within the normally managed forest. Selection criteria were thickets from natural regeneration with top heights between 1 and 8 m, underneath a shelterwood canopy with a wide range of densities; all three target species in intensive mingling; uniform site characteristics within a site; differences in soil moisture availability between sites and no logging entries or other disturbances for the last 5 years. We found two sites matching all criteria; alone the range of light conditions was more limited as initially wanted, with maximal values of 24 and 33 per cent of above canopy light, respectively.
Sites are located in the ' Göttingen Forest ' with rich nutrient supply, slightly differing in water balance: (1) ' Hünstollen ' (latitude 51° 34 ′ N, longitude 10° 02 ′ E) on shallow limestone plateau with rendzina and terra fusca soil, frequently, with poor water supply during dry periods in summer and (2) ' Hengstberg ' ( ~ 7 km south of Hünstollen) on clayey downslope, with deep terra fusca or cambisol/pelosol with constantly fairly good water supply. The altitude lies within 301 -400 m.a.s.l., the mean annual rainfall is 680 mm (340 mm in the growing season) and the average annual temperature is 7.8°C. Shelterwoods of beech with few maple and ash trees, ~ 120 years old and with heterogeneous canopy densities, cover both sites. Based on counts of annual rings, natural regeneration started 20 -30 years ago.
Besides the three main species -maple, ash and beech -both study sites had varying proportions of additional species. Acer platanoides was the most important one making up to 16 per cent of the total number of saplings in Hünstollen and 10 per cent in Hengstberg, but because of limited working power it could not be included in our research. Further species like Ulmus glabra , Prunus avium and Sorbus torminalis were found in minimal proportions ( Table 1 ) . Both sites had a high density at almost the same level of 17 -18 saplings m − 2 , but with differing species composition. Whereas the proportion of beech was nearly the same, maple had at Hünstollen only half the density of Hengstberg, and with ash it was the other way round. The high density led to clearly distinguishable layers of dominant (4 per cent of total trees), codominant (7 per cent) and suppressed trees (87 per cent).
Field measurements
For studying the relationship of growth and mortality to light, we chose a method fi rst developed by Kobe et al. , (1995) for the forest simulation model SORTIE ( Pacala et al. , 1996 ) . Up to now, it is frequently used in investigations on shade tolerance of young trees ( Caspersen and Kobe, 2001 ; Lin et al. , 2002 ; Kunstler et al. , 2005 ; Kneeshaw et al. , 2006 ) , sometimes with modifications Clark, 2000 , 2002 ; Delagrange et al. , 2004 ; Gratzer et al. , 2004 ) . As the main principle, it decouples the analysis into two steps: (1) mortality risk of a species is estimated as a function of its past growth and (2) tree growth is modelled as a function of light. By combining these two functions, the probability of mortality as a function of light can be derived. For the effects of growth on the probability of mortality, we needed three datasets for each species: (1) a random sample of live individuals, (2) a random sample of dead individuals, both for growth measurements, and (3) the numbers of live and dead individuals for an overall mortality rate of the stand.
To obtain the fi rst two datasets, within each stand, various numbers of saplings per species were randomly sampled, consisting of 50 ≤ N ≤ 84 live individuals, with a minimum height of 0.4 m and a maximum height of 8 m, and 27 ≤ N ≤ 30 individuals that had recently died (for criteria of recently dead saplings, see below). For each species, the random samples of live and dead saplings were as evenly as possible stratifi ed across the whole range of light conditions and tree layers to get a suffi cient variation in the predictor variable light, and thus also in growth. A total of 613 saplings were sampled and harvested. Minimum height was chosen to allow for a minimum of 5 years of growth, and maximum height was determined by the maximum possible height of the tripod for taking hemispherical photos.
Light availability of an individual sapling was determined not alone by canopy density of the overstorey beeches but even more by its competitive position within the understorey thicket. Thus, in our sample the majority of saplings under lowlight conditions were small and suppressed, and those receiving high light were tall and in a predominant position, except for rare cases where predominant saplings were shaded by dense overstorey canopy. The majority of our dead sample trees died in a suppressed position after having failed to compete successfully for light (and, prob- ably to a much lesser extent, for other resources). Therefore, we measured light just above the uppermost leaves of every sampled sapling by taking a hemispherical photo in mid-summer with a Nikon digital camera with fi sheye lens and a self-levelling mount. Photos were processed with the Winscanopy software ( Regents Instruments Inc. Sainte-Foy, Québec, 2003 ) . As a measure of light intensity, we used the indirect site factor (ISF) in percent of above canopy light, which is based on diffuse radiation. Under our conditions, this measure proved as a reliable proxy of total growing season's photosynthetically active radiation ( Hauskeller-Bullerjahn, 1995 , unpublished report of the Institute for Silviculture).
We are aware that our measure of light underneath a shelterwood simultaneously describes the availability of further resources like water and nutrients. As an example, not only crowns of canopy trees intercept light but also rain or snow and roots compete for water and nutrients. Our experimental design was not intended to separate these effects. Although knowledge about the relative importance of these resources at different sites is scarce, it might be justifi ed at least for mesic and fertile sites like in our study to assume light as the main factor governing growth and mortality, at least in the seedling and sapling stages. This is in accordance with all the abovelisted previous studies on shade tolerance.
From each harvested sapling, diameter at 0.1 m above ground was measured, and a stem disc was taken to determine age and radial growth. The discs were sanded (grit size 400), and the width of the last fi ve annual rings was measured in two perpendicular directions. As in small discs, growth rings were hard to distinguish, we produced a plane surface by means of a microtome, treated this surface with phloroglucinol and hydrochloric acid ( Gruber, 1998 ) and measured ring width by means of a microscope. By this, it was possible to get reliable measures of ring width and age counts. We did not encounter such diffi culties as Collet et al. (2002) described. The fi nal values were calculated as arithmetic means of the two perpendicular measurements. For the growth variable, we averaged the radial increments of the last 5 years.
To accomplish the last set of fi eld data, we counted for each study site all living and dead saplings per species on nine plots, evenly distributed over an area of ~ 2.5 ha per site and covering the whole range of canopy densities. Plots were circular with 5 m diameter (19.63 m 2 ), making up a total sample area of ~ 353 m 2 .
We selected also 10 individuals for each species from a range of sizes (0.5 -5 cm diameter), damaged them to death by girdling, left them in the fi eld and checked their appearance after 1 and 2 years to observe the characteristics of recently dead saplings. According to these observations and the results of Kobe et al. (1995) , we estimated the time period since death by means of indicators like degree of leaf, bud and twig retention and suppleness of stems and twigs. We regarded 3 years as an appropriate time span to recognize saplings as recently dead, as to our experience a longer as well as shorter time span would have made it increasingly uncertain to estimate the time of death. Thus, we used a 3-year period for mortality rates.
Although all sampled and harvested saplings were free of visible damages by herbivores, it could not be totally ruled out that some saplings have been included, which have died not only by lack of light but also by some damage not visible at the time of our measurements. Particularly, browsing >3 years ago could hardly be detected, but could have infl uenced past growth and competitive situation. If this would have had some importance, the effect must have been more severe in maple and ash in raising the mortality rates as these species are highly preferred browse of roe deer. This is proven by browsing rates on living saplings (recorded in the circular plots), showing that last year browsing affected only 2 -5 per cent of the total living beech saplings, but 22 -34 per cent of maple and 8 -36 per cent of ash (the fi rst fi gure refers to Hünstollen and the second to Hengstberg).
As already mentioned above, Kobe et al. (1995) assumed that shade tolerance of a tree species is characterized by a trade-off between probability of mortality at low light and height growth at high light. A shade-tolerant species is supposed to possess a high survival rate in low light at the expense of height growth in high light. In order to test this assumption, we measured annual terminal leader length growth of the sampled live saplings and averaged it over the last 3 years. In most cases, the length of the annual terminal leaders could be easily recognized from the scars of the terminal bud scales, which were still visible after 3 years. Only in cases of more than one growth unit per year (e.g. lamma's shoot), it was sometimes necessary to cut a twig and count annual rings to make sure which growth units belong to 1 year. But under our predominantly low-light conditions, these cases were rare. For each sapling, we also recorded total height.
Mortality as a function of growth
As in Clark (2000 , 2002) , we used a gamma density function to fi t the growth rate distribution to each dataset separately (living and dead), the two-parameter gamma being fl exible in shape ( Kobe et al. , 1995 ) . The likelihood function for recently dead trees is as follows:
and for live trees, this differs only in having parameter subscripts l in place of d and a sample size of #live in place of #dead ( G #dead and G #live are the number of recently dead (#dead) and living (#live) trees of collected dataset ( G ) and g i is the growth rate of the i th recently dead/live tree). Parameters of the gamma density function ( λ , ρ ) were estimated by fi tting a generalized linear model by means of the maximum likelihood method (Gamma distribution, Log as ' link ' function, Fisher method) implemented in the software Statistica 7.1 ( StatSoft Inc., 2005 ) .
We estimated parameters for species-and sitespecifi c models characterizing probability of mortality as a function of recent growth ( g ).
For estimating mortality rate as a function of radial growth, we decided on a cumulative distribution function of an exponential random variable, as described in equation (2 ). This model was proposed by Kobe and Coates (1997) and used in several studies (e.g. Kneeshaw et al. , 2006 ) . Compared with the model used by Wyckoff and Clark (2000) , it contains only one parameter, and, thus, it is less complex and better suited for a straightforward biological interpretation. Besides, the introduction of the variable t for the length of the time interval for the mortality rate allows more fl exibility.
where m ( g i ) is the probability of death over a defi ned time interval t for growth rate g i . The C parameter defi nes the functional relationship between probability of mortality and recent growth, and can be used as a measure of shade tolerance ( Kobe and Coates, 1997 ) . Species with a higher C values, for a given level of growth, have lower mortality rates and hence higher shade tolerance than species with lower C values. To model the relationship between mortality and growth rate, we incorporated for each growth rate ( g i ) the number of all dead ( D ) and live individuals ( N − D ) from the inventory of the circular plots as
where p ( g i / d ) and p ( g i / l ) are the probability densities of growth rate g i of the dead and living saplings. In words, p ( g i / d , l ) is the ratio between the number of dead, respectively living, trees of growth rate g i obtained through the gamma fi tting and the total number of dead, respectively live, individuals of the collected dataset. Parameter estimation was done by fi tting a generalized linear model by means of the maximum likelihood method (Binomial distribution, C -Log-Log as ' link ' function, Fisher method) like it is incorporated in Statistica 7.1.
Growth as a function of light
Annual radial and terminal leader length growth as averages over the most recent 5 and 3 years, respectively, were predicted from light availability using the logistic model, which was the best fi t from more growth-tested models ( Gratzer et al. , 2004 ; Stancioiu and O'Hara, 2006 ) . The form of logistic model is 
where a , b and c are model parameters and ISF i is the light level of the growth rate g i .
Mortality as function of light
In equation (2 ), mortality is predicted as a function of direct measurements of radial growth. In order to link mortality with light availability, we used species-specifi c models for radial growth as a function of light availability and combined the two functions. The resulting model for mortality as a function of light shows how the probability of ' mean ' plant survivorship responds to light ( Kobe et al. , 1995 ) . Although some publications give evidence that size of the sample trees affects the relationships between growth, mortality and light ( Delagrange et al. , 2004 ; Kneeshaw et al. , 2006 ) , we were not able to include size of our sample trees as an additional independent variable because we found a highly signifi cant correlation between size and light intensity with species-specifi c coeffi cients ranging from 0.73 to 0.85 at Hünstollen and 0.88 to 0.93 at Hengstberg site. The reason is that our stands were more or less even-aged, and thus size differences were inevitably caused by differences in light availability.
Shade tolerance trade-off
In order to test the shade tolerance trade-off proposed by Kobe et al. (1995) , we needed the two above-mentioned components. For the fi rst element, we used the modelled annual terminal leader length growth averaged over the most recent 3 years at 20 per cent above canopy light. The distribution of light values at our sites did not allow a higher light level. Besides, at 20 per cent light the model curves approached already asymptotic length growth values. We avoided the use of the metric ' number of years to reach 3 m height ' for characterizing height growth of the saplings, which was used by Kobe et al. (1995) , because it sums up all relevant growth conditions in the past, for which we have only insuffi cient information. The natural regeneration of our study stands was intentionally infl uenced by several logging operations during the last 20 -30 years that opened the canopy step by step. Only for the past 5 -7 years, we know for sure that there was no further cutting. Thus, our light measurements can only satisfactorily characterize a time period of ~ 5 years. The second element was computed by using the above-described mortality model. We calculated 3-year survival rates for saplings growing under 5 per cent ISF. This light level represents fairly well light conditions on the forest fl oor underneath a closed beech canopy ( Wagner, 1999 ) .
Data analysis
All statistical analyses were performed with Statistica 7.1 software package.
Interspecifi c (between species within each site) differences of age and light availability of dead individuals were tested by using the analysis of variance with Scheffé ' s post hoc test (normality of residuals was tested with KolmogorovSmirnov test and homoscedasticity with Levenè test).
Among the living saplings, interspecifi c and intersite (between sites within each species) differences in radial and length growth as a function of light were tested using the 95 per cent confi dence intervals (CIs) of logistic models. If they overlapped, the difference was considered not to be signifi cant. An analysis of covariance test with light as covariate would have been more appropriate, but due to violations of the assumptions, which could not be improved by transformations, we did not use it. Figure 1 shows the diameter distribution of all sampled dead and live saplings. With the exception of ash at Hünstollen, live saplings reached clearly higher diameters; no dead saplings could be found above 30 -35 mm. As always, annual radial growth rates increase with diameter for all species and both sites.
Results
General information about sampled saplings
The light levels of the dead saplings at the time of sampling are presented in Figure 2A . The mean ISF of recently dead saplings of ash in Hengstberg was 6.3 per cent, which was the lowest value of all studied species, followed by beech with 7.7 per cent and maple 7.8 per cent. At Hünstollen, the recently dead ash saplings possessed the highest mean value of 9 per cent ISF, followed by maple with 7.8 per cent and beech with 7.6 per cent. The differences between ash and beech, on the one side, and between ash and maple, on the other side, were signifi cant ( P < 0.05, Scheffé ' s test) both at Hengstberg and Hünstollen.
At both sites, the recently dead saplings of beech were signifi cantly older than the two other species ( P < 0.05, Scheffé ' s test, Figure 2B ) . The difference at Hengstberg (8 years to maple and 10 years to ash) was larger than at Hünstollen (7 and 4 years, respectively). The differences between maple and ash were insignifi cant at both sites. Figure 3 presents the decline of radial growth of the recently dead saplings during the last 5 years prior to death. At Hengstberg, growth of all three species drops in a similar way; at Hünstollen, maple decreases more slowly than beech and ash. 
Mortality as a function of radial growth
Estimated C values of equation (2 ) give a fi rst assessment of the shade tolerance of the species. The sitespecifi c values were 12.94 ± 2.25 and 15.76 ± 4.40 for beech, 10.89 ± 2.52 and 11.80 ± 2.60 for ash and 8.92 ± 2.34 and 7.53 ± 0.98 for maple (the fi rst fi gure refers to Hünstollen and the second to Hengstberg). As the differences between mean values are small, and the CIs show considerable overlap, it appeared to be justifi ed to merge the data across both sites. Beech displays the greatest C -value (13.56 ± 2.49), indicating relatively low probability of mortality at a given growth rate and thus high shade tolerance, followed by ash (10.96 ± 2.08) and with clear distance maple (7.65 ± 0.86) being the least shade-tolerant species.
The decrease of the probability of mortality with increasing radial growth rate is steep in beech and gentle in maple, with ash in between ( Figure 4 ). For example, at 0.2 mm radial growth (averaged over the last 5 years) the probability of mortality for maple amounts to 0.48, for ash to 0.28 and for beech to 0.18. With increasing growth rate, absolute values and differences between species drop sharply and are negligible above 0.6 mm.
Radial growth as a function of light
Because the CIs did not reveal signifi cant differences between site-specifi c radial growth vs light models, we merged the data of both sites. Figure 5 shows the fi tted curves based on a logistic function for all three species which explained 62 -74 per cent of the variation of growth. Only above 20 per cent ISF, the species tend to differ in their modelled radial growth response to increasing light, with beech becoming increasingly superior over ash and maple in between. However, as data in this high-light region are limited, the model values of this range can only be regarded as a weak indication.
Mortality as a function of light
By combining the growth -light model ( equation (4 )) and the mortality -growth model ( equation (2 )), we obtained a model of mortality as a function of light ( Figure 6 ). There is a fairly steep decline of mortality probability with increasing light: at 5 per cent ISF, maple has a probability of being dead within 3 years of ~ 0.57, ash of 0.40 and beech of 0.32. At 10 per cent ISF, these values go down to 0.13, 0.08 and 0.03, respectively. Above 15 per cent ISF, the probability of mortality approaches zero.
It might be surprising that even at zero light, the probability of mortality still reaches only ~ 80 per cent. The reason lies in the model assumption ( equation (2 )) that even at zero light, some plants can survive more than 3 years. Only after the introduction of a greater time period (variable t in equation (2 )), we get a mortality probability approaching 1.0. For example, during a 10-year period a mean sapling of our study sites (i.e. at an age of ~ 15 years) at zero light has a mortality probability of 1.0. Beech showed a faster decline with light than the two other species. At 5 per cent ISF, it showed a probability of mortality of 75 per cent going down to 10 per cent at 10 per cent light, whereas the respective fi gures for ash are 85 and 20 per cent and for maple 95 and 40 per cent. This information is important for practical silviculture because it provides a quantitative basis to control proportion and competitive situation of different species in a mixed regeneration by managing light conditions.
Length growth as a function of light
We analysed the length growth data separately for each site because we found signifi cant differences between sites. The logistic function ( equation (4 )) explained 74 -82 per cent of the growth variation at Hengstberg and 69 -76 per cent at Hünstollen. Figure 7 shows the annual length growth averaged over the most recent 3 years. Between sites, the analysis of CIs revealed a signifi cantly better length growth at Hengstberg for beech above 10 per cent light and for ash and maple above 17 per cent. Among species, beech had signifi cantly smaller length growth than ash and maple under high-light conditions (more than 17 per cent at Hengstberg and 14 per cent at Hünstollen, respectively).
Shade tolerance trade-off
The trade-off between survival probability at low light (3-year survival at 5 per cent of above canopy light) and length growth at high light (annual terminal leader length at 20 per cent of above canopy light) is depicted in Figure 8 . The diagram shows species site-specifi c mean values for length growth but means across sites for survival rates as this parameter was not signifi cantly different between the two sites. The more the position of a species approaches the left-top corner of the diagram, the more light demanding, and the more it approaches the right-bottom corner, the more shade tolerant it is supposed to be. The graph shows a clear order in rank of shade tolerance, with beech as the most tolerant species followed by ash and maple as the least tolerant one. The assumption of a trade-off between the two traits is true for beech as compared with ash and maple because beech combined the highest survival under low light with the least length growth under high light. Ash and maple have both less survival in shade and greater length growth in high light, but the trade-off is less pronounced in maple as its length growth is signifi cantly smaller than one would expect with regard to its least survival rate. Ash is superior in survival and in length growth on both sites compared with maple.
Discussion
Methodology
Like several other studies of the last 15 years ( Kobe et al. , 1995 ; Pacala et al. , 1996 ; Kobe and Coates, 1997 ; Lin et al. , 2001 Lin et al. , , 2002 Lin et al. , , 2004 Delagrange et al. , 2004 ; Kunstler et al. , 2005 ; Kneeshaw et al. , 2006 ) , we used low-light survival and high-light length growth to determine shade tolerance of young trees. Low-light survival certainly is the most important component and could suffi ce to characterize shade tolerance ( Gratzer et al. , 2004 ) , but the second trait, which in many cases is negatively correlated with the fi rst one (for physiological explanations, see among others Kobe, 1997 ; Walters and Reich, 2000 ) , provides additional useful information for ecologists and silviculturists. Although some studies report exceptions of this trade-off with species showing superior survival and growth rates under all light conditions (e.g. Lin et al. , 2002 Lin et al. , , 2004 Kunstler et al. , 2005 ) , this concept seems to be more appropriate than the more traditional one that was premised on the assumption of a trade-off in growth rates in low-and high-light conditions. While some studies confi rm this assumption (e.g. Carter and Klinka, 1992 ; Gratzer et al. , 2004 ) , other studies show that many species do not follow this strategy ( Lüpke, 1982 ; Gratzer et al. , 2004 ; Kunstler et al. , 2005 ) . As we had no long-term study plots at our disposal to observe directly the mortality rates, we used radial growth of dead and living saplings as an indicator for plant vigour and whole-plant carbon balance, which is in accordance with the above-cited studies. They successfully utilized this measure as a proxy for probability of mortality of saplings of various species. In contrast, length growth obviously does not seem to possess this quality. Wagner (1999) could not fi nd a satisfactory relationship between length growth and mortality rates for ash and beech saplings on a site similar to our study site. Wyckoff and Clark (2000) pointed out that the method of estimating mortality rates from dead trees encountered in the fi eld (as proposed by Kobe et al. , 1995 ) entails the diffi culty of knowing how long trees have been dead. Following Kobe et al. (1995) , we sampled only dead saplings, which presumably have died during the last 3 years. Although in very rare cases, we were forced to arbitrary decisions in judging the time period since death, we generally found this method reliable and a period of maximal 3 years appropriate. Unlike our study, Wyckoff and Clark (2000) worked with much older and taller trees, which might have enlarged the problem of determining time since death. However, at any rate it would be advantageous for further studies to have directly observed mortality rates from long-term censuses of large populations. To avoid the laborious monitoring of individual plants connected with this method, Beckage et al. (2005) proposed a faster and easier approach for repeated counts of seedlings on permanently marked plots without the need of marking and tracking individual seedlings.
Because we were interested in shade tolerance and not only in low growth tolerance (as for instance, Wyckoff and Clark, 2000 ) , we sampled only dead saplings that died most probably by lack of vital resources among which we assumed . Relationship between survival rate at low light and length growth at high light (following Kobe et al. , 1995 ) . Y axis: modelled annual terminal leader length growth (as average over the most recent 3 years) at 20% ISF above canopy light. X axis: modelled probability of surviving 3 years under low light (5.0% ISF).
light the most important regarding our fertile and mesic sites. Thus, we excluded saplings with any signs of other damages like breakage by snow or felling operations or herbivory. But, as described above, we might have included some individuals with past browsing damages invisible at the time of sampling. Given the different browsing preferences, this could have contributed to the higher mortality rates of maple and ash compared with beech. On the other hand, for the same reason one could expect a generally higher mortality rate at the Hengstberg site as this site suffered higher browsing impact. However, we could not confi rm this suspect. There was no signifi cant difference in mortality at a given growth rate or light availability between the two sites. We therefore think that lack of light by far was the main cause of death of our sample trees.
Sapling size
Our study design, which was based on collecting fi eld data in a thicket with top heights between 1 and 8 m beneath a heterogeneous shelterwood canopy, entailed at least two shortcomings. First, we have no information of the early phases of the natural regeneration some 20 years ago, for example, on seed germination, seedling establishment, early growth and survival. We can expect that these processes are characterized by high mortality rates ( Burschel et al. , 1964 ; Lüpke, 1989 ; Szwagrzyk et al. , 2001 ) , which are decisive for density and species composition at the start, and thereby also for the outcome in the thicket stage. Some studies show that interspecifi c variation in shade tolerance is greatest in the seedling stages, and that these differences converge with increasing size of the young trees ( Delagrange et al. , 2004 ; Kneeshaw et al. , 2006 ) . We thus assume that interspecifi c differences in shade tolerance of our saplings have already diminished, but we do not know whether species shifted rank order in the past. Second, our sample trees grew in a highly competitive environment characterized by rapid differentiation and self-thinning processes in a more or less even-aged thicket. Under these conditions, not only shade tolerance in itself is a necessity for survival but also how fast a sapling can adapt to changes being in most cases a worsening of light availability. Wagner (1999) suggests that in such cases, the shade tolerance of beech might be reduced as compared with ash.
However, at any rate sapling size, light availability and mortality rate were inevitably bound up. Therefore, our study design is not suited to contribute substantially to the controversial discussion on a relationship between size and shade tolerance. This discussion is characterized by two opposing opinions. The fi rst opinion assumes an increase in shade tolerance with increasing plant size because a sapling's radial growth under given light availability increases with its size, and the relationship between growth and mortality does not change with tree size ( Kobe et al. , 1995 ; Pacala et al. , 1996 ) . Kunstler et al. (2005) hypothesized that a greater shade tolerance of taller saplings might be caused by larger amounts of reserves, which could be particularly important for survival in a variable environment like closing stands. This corresponds well with the fi ndings of Delagrange et al. (2004) , showing that taller saplings in a forest tolerated a sudden artifi cial shading better than smaller ones. However, Delagrange et al . as well as Kunstler et al . point out that maintenance and construction costs generally rise with sapling size because the proportion of nonphotosynthetic tissue is constantly increasing, which would put larger individuals at a disadvantage in shade. This is one of the most convincing arguments in favour of the second opinion saying that smaller saplings possess a higher shade tolerance than taller ones. Kneeshaw et al. (2006) provided experimental evidence for this opinion. Smaller saplings of various North American species had a greater shade tolerance, as quantifi ed by probability of mortality at low growth, than taller ones. Delagrange et al. (2004) found that morphological and allocational plasticity of two north-east American species was greatest in small plants up to 1 m tall. The authors summarized that being small in a shaded environment may be advantageous for survival. Dreyer et al. (2005) reached at a similar conclusion for various European species stating that ' slow growth is in itself a characteristic of shade tolerance ' .
Most of our sample trees surpassed the threshold value of Delagrange et al. (2004) of 1 m in height (only 5 per cent were below 1 m). This might point at dimension being of less importance in our study, but this is based only on a single investigation. In addition, in such variable environment as in our rapidly differentiating thickets, larger size might have been really associated with greater shade tolerance according to the suggestion of Kunstler et al. (2005) . But certainly more research on this question is needed.
Soil moisture availability
Based on qualitative fi eld observations and forest management soil maps, we assume that our two study sites equally provide rich nutrient supply for growth of even demanding species like ash, but vary in moisture availability. The site Hengstberg possesses better soil water availability because of deeper soil with higher accessible water storage capacity than the site Hünstollen with more shallow soil experiencing regularly drought periods in summer. This difference in soil moisture availability is mirrored in a signifi cantly larger length growth (given a suffi cient light availability of more than 17 per cent) of all three species at Hengstberg site, whereas we could not detect any signifi cant differences in mortality rates at a given radial growth or in radial growth -light relationships. Thus, we could not fi nd a difference in shade tolerance of our three species between the two sites. This partly contradicts the results of Caspersen and Kobe (2001) , who found a large interspecifi c variation in rank order of low growth survivorship dependent on soil moisture availability. Looking at the relationship between probability of mortality and growth, i.e. the ability to withstand expanded periods of low growth, in mesic conditions the rank order of the seven North American species included in their study refl ected differences in shade tolerance, but this changed in xeric conditions where droughttolerant species greatly improved their rank, whereas drought-sensitive species considerably fell in rank. In other publications ( Sack, 2004 ; Jin-Sheng et al. , 2005 ) , even such a weak relationship between shade and drought tolerance could not be confi rmed, which supports the idea of independent tolerances of shade and drought rather than trade-offs. In contrast, by performing a meta-analysis of the published results, Niinemets and Valladares (2006) found a signifi cant negative correlation between shade tolerance and drought tolerance. This trade-off was particularly pronounced for species growing in deep to moderate shade. But according to their results, still many exceptions cloud the picture and demand more research.
Silvicultural conclusions
On such rich sites as in our study, German forest owners usually plan the production of valuable hardwood timber in mixed beech-noble hardwood stands as the main management objective. A successful realization of this goal is endangered by two confl icting successional trends.
1 Beech fi rst being inferior in height growth catches up and is superior from an age of ~ 40 -60 years onward and thus able to suppress ash and maple on the long run ( Züge, 1986 ; Nüsslein, 1995 ) . In controlling this unwanted development, on the one hand, recurrent thinning interventions in favour of ash, maple and other hardwood species are necessary and actually carried out in practise from the pole stage onward. On the other hand, these treatments are the more successful, the greater the lead in height of ash and maple during the young phases. In order to meet this goal, it can be concluded from our results that a light availability of more than ~ 20 per cent of above canopy light is required to provide a clear lead in annual height growth. Under our conditions, an appropriate opening of the canopy would raise mean annual height growth of ash and maple at least to ~ 135 per cent of that of beech. 2 The necessary help for ash and maple in young developmental phases by opening the canopy entails the disadvantage for beech of being forced to grow in a suppressed position under very low light like less than 5 per cent of above canopy light. Qualitative observations of foresters suggest that this effect is the more pronounced, the earlier and the heavier the opening of the canopy has been done, and that particularly ash gains most by such treatment. On the other hand, fear arose among practical foresters that beech would not survive in suffi cient numbers under these conditions, and that ash or maple would dominate future stands to an undesirable extent.
Particularly, limestone sites with shallow soils like Hünstollen were thought to be prone to such development. But this assumption could not be confi rmed by investigations of Schmidt (1996) , Wagner (1999) and Horn (2002) , who could not fi nd a higher mortality rate of beech saplings. However, they did not give a quantitative relationship between probability of mortality and light availability. Based on our fi ndings, even under only 3 per cent above canopy light beech saplings have a probability of 3-year survival of ~ 50 per cent, which is higher than that of ash (43 per cent) and maple (30 per cent). Besides, survival probability of beech increases considerably faster with increasing light availability than with ash and maple. In so far, fears of practical foresters seem to be exaggerated that beech might gradually disappear in these mixed stands during the early phases. But in cases where right at the start the proportion of beech is already at its lower limit, even such comparatively low mortality rate might be too high.
To reconcile these two confl icting goals, we propose to pursue the following compromise: a regeneration should start with fairly dense shelterwoods providing ~ 5 -10 per cent above canopy light at the forest fl oor. These dark conditions facilitate the establishment of beech, but ash and maple are able to regenerate as well. After having reached a well-established beech regeneration, which satisfactorily meets the silvicultural goal, the canopy should be opened in a way that provides at least 20 per cent light above the regeneration layer. Under the philosophy of a continuous-cover silviculture, this is best achieved by means of an irregular group selection cutting because it creates heterogeneous light conditions which can satisfy the demands of ash and maple at open places and beech at more densely covered places. Thereafter, the gradual canopy opening can be continued mainly by enlarging the groups until the last overstorey trees are fi nally removed.
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